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ABSTRACT 


This  report  describes  an  experimental  research  program  in  which 
the  outer  section  of  a  UH-1D  helicopter  blade  was  modified  to 
incorporate  a  system  for  injecting  the  trailing  tip  vortex 
produced  by  the  blade  with  a  mass  of  linearly  directed  air, 
and  also  an  Ogee-tip  section,  to  study  its  effect  as  a  passive 
system  on  vortex  dissipation.  The  effects  of  mass  injection 
were  investigated  at  low  mass  flow  rates,  at  near-sonic 
injection  velocities,  and  with  a  two-section  nozzle.  The 
results  are  presented  in  terms  of  quantitative  measurements  of 
circulation  strength  as  a  function  of  mass  flow  rate  and  thrust, 
and  are  correlated  with  the  results  from  previous  research  done 
at  RASA.  Also  presented  are  flow-visualization  studies  which 
were  conducted  using  illuminated  helium  bubbles,  smoke,  and 
tuft  grids. 

The  results  of  this  research  program  present  additional  confirm¬ 
ing  evidence  that  mass  injection  of  the  concentrated  tip  vortex 
could  eliminate  the  strong  induced  effects  on  a  lifting  surface 
of  the  circulatory  flow  associated  with  a  concentrated  vortex 
generated  at  the  tip  of  a  helicopter  rotor  blade. 
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INTRODUCTION 


I  . 


The  concentrated  vortices  that  are  trailed  off  the  tips  of 
helicopter  blades  continue  to  be  of  great  concern  toward  the 
further  development  of  the  helicopter.  In  recent  years, 
research  efforts  to  enhance  the  dissipation  of  these  vortices 
have  been  expanded  because  of  this  concern.  These  research 
efforts  have  included  investiqations  of  both  active  and 
passive  vortex-modification  systems,  and  the  positive  aspects 
that  have  been  demonstrated  by  these  systems  on  scale  models 
appear  to  have  directed  research  toward  the  application  of 
these  systems  to  flight  hardware.  If  these  systems  prove  to 
be  successful,  improvement  could  be  expected  in  rotor  per¬ 
formance,  blade  life,  acoustics  and  in  problems  associated 
with  rotor  downwash. 

In  regard  to  active  vortex-modification  systems,  Rinehart 
postulated  that  the  injection  of  a  vortex  with  a  mass  of  air 
would  enhance  the  decay  of  the  vortex  (Ref.  1) .  On  the  basis 
of  this  research,  tests  of  a  vortex-injection  system  were  con¬ 
ducted,  and  the  results  of  these  tests  generally  confirmed 
these  theoretical  predictions  (Ref.  2) .  Additional  tests  of 
this  system  were  conducted  with  wind-tunnel  models  over  a 
wider  range  of  scaling  parameters  (Refs.  3  and  4),  and  these 
data  suggested  that  the  dissipative  effect  that  had  been 
achieved  was  essentially  independent  of  the  scaling  parameters. 

In  these  investigations,  however,  it  has  been  difficult  to 
predict  the  requisite  mass  flow  rates  in  terms  of  the  degree 
of  (vortex)  dissipation  that  could  be  achieved,  for  two 
reasons.  The  first  is  that  data  in  the  wake  has  been  obtained 
only  at  locations  which  we re  relatively  close  to  the  airfoil, 
and  the  variation  of  vortex  strength  as  a  function  of  time 
or  downstream  position  in  quantitative  terms  has  not  been 
established  for  the  various  models  tested.  Second,  the 
measurements  of  vorticity  in  the  trailed  tip  vortices  are 
somewhat  laborious,  which  restricts  the  amount  of  quantitative 
data  that  can  be  obtained,  and  the  independent  effects  of  the 
mass-flow  rate  and  the  velocity  of  injection  on  the  circulation 
strength  of  the  vortices  also  eluded  more  definitive  solution. 
In  a  related  aspect,  it  has  been  theorized  that  the  dissipative 
process  could  be  enhanced  by  injection  of  the  vortex  during 
its  formative  stage,  rather  than  at  the  time  that  it  had  been 
almost  fully  developed  as  originally  conceived.  This  aspect 
stems  from  desires  to  gain  additional  benefits  from  vortex 
injection  in  regard  to  the  improvement  of  the  performance 
characteristics  of  the  airfoils  by  the  relocation  or  the 
spreading  of  the  concentrated  vorticity  on  the  airfoil  itself. 
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In  regard  to  helicopter  applications,  the  important  parameter 
in  the  vortex  dissipation  process  is  time.  Specifically,  it  is 
the  period  between  the  instant  that  the  vortex  is  trailed  from 
one  blade  and  the  time  that  a  following  blade  intersects  this 
vortex.  The  blade  that  intersects  a  vortex  that  is  trailed 
from  a  blade  tip  is  not  necessarily  the  one  that  immediately 
follows  the  latter  blade.  Blade-vortex  intersections  are 
related  to  the  number  of  blades  in  the  rotor  system  and  to 
the  flight  condition.  For  the  UH-1  series  rotors,  blade-vortex 
intersections  occur  in  descents  and  turns,  and  some  intersec¬ 
tions  occur  as  a  blade  intersects  its  own  tip  vortex  when  the 
age  of  the  vortex  is  approximately  1-1/2  revolutions.  On  the 
basis  of  the  rotor  tip  speed  and  its  diameter,  the  time  that 
is  available  before  blade-vortex  intersections  occur  is  on 
the  order  of  0.1  second.  In  terms  of  distance,  the  trailed 
tip  vortex  would  have  been  transported  approximately  40  chord 
lengths  "downstream"  in  this  time  period.  Thus,  in  order  for 
an  active  vortex-modification  system  to  be  effective,  the 
dissipative  action  that  is  instituted  must  take  effect  rapidly, 
and  hopefully  generate  additional  dissipative  action  as  time 
increases.  It  is  postulated  that  additional  dissipative  action 
can  be  achieved  by  mass  injection  since  the  turbulence  that  is 
generated  by  mass  injection  would  persist  with  time  in  the 
core  of  the  vortex.  Because  of  the  instability  that  would  be 
generated,  the  strength  of  the  vortex  would  be  continually 
dissipated . 

Passive  vortex  modification  systems  also  have  potential  to 
achieve  vortex  dissipation  by  imparting  turbulence  into  the 
vortex  core.  Thus,  for  a  passive  vortex  modification  system 
to  be  effective,  the  formative  process  of  the  vortex  must  be 
modified  to  minimize  the  swirl  velocities  in  the  vortex  core. 

In  this  process,  the  typical  tip  vortex  is  spread,  and  it  is 
conjectured  that  this  spreading  will  also  minimize  the  induced 
effect  of  the  vortex  in  the  proximity  of  the  lifting  surface. 

The  research  that  was  conducted  in  this  program  was  directed 
toward  fostering  the  application  of  vortex-modification  systems 
to  rotary-wing  aircraft  in  several  aspects.  Specifically, 
additional  data  were  desired  to  substantiate  the  variation  of 
circulation  strength  with  the  mass  flow  rate;  the  effect  of 
vortex  injection  at  high  velocities  of  injection,  and  the 
effects  of  injection  with  a  two-stage  nozzle  were  investigated; 
the  effect  of  a  passive  dissipator,  the  Ogee-tip  configuration, 
was  investigated;  and  the  qualitative  variation  of  both  the 
active  and  passive  vortex-dissipation  systems  as  a  function  of 
downstream  position  was  also  investigated. 
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II.  DESCRIPTION  OF  MODELS  AND  INSTRUMENTATION 


A.  MODEL  #1 

Model  # 1  was  the  notation  given  to  the  model  that  was  used 
during  a  previous  experimental  research  program  by  RASA 
(Ref.  1).  Three  different  honeycomb  nozzles  were  installed  in 
the  model  and  tested.  Nozzles  #5  and  #18  (described  in  Ref.  1) 
were  tested  at  model  tip  angles  of  attack  of  9.5  and  13.5 
degrees,  respectively.  Nozzle  #25  was  fabricated  for  this 
program  and  tested  at  aT=13.5  degrees.  This  nozzle  had  a 

similar  cell-hole  pattern  as  Nozzle  #18,  but  with  an  additional 
seven  cells  left  open  to  give  an  increased  area  of  injection 
by  providing  a  wider  spanwise  slot.  The  cross-sectional  exit 
area  of  Nozzle  #25  was  1.60  square  inches,  while  the  cross- 
sectional  exit  areas  of  Nozzles  #5  and  #18  were  each  1.24 
square  inches. 


B,  MODEL  #2 

Model  #2  was  identical  in  planform  and  in  v/ind  tunnel  installa¬ 
tion  to  Model  #1.  This  model  had  a  measured  twist  of 
0.14  deg/ft,  and  the  injection  nozzles  were  adapted  in  a 
different  manner  from  that  of  Model  #1.  The  nozzles  for 
Model  #2  were  incorporated  in  a  2-1/4-inch  wooden  section 
which  was  attached  to  the  tip  of  the  basic  blade  section. 

The  outboard  section  of  the  blade  was  modified  to  accommodate 
the  wooden  section  by  bonding  a  3/8-inch- thick  aluminum  rib  to 
the  honeycomb  material  of  the  blade  between  the  top  and  bottom 
skin  aft  of  the  D-spar .  The  rib  was  additionally  secured  to 
the  blade  section  by  button-head  screws  through  the  skin. 

A  1-1/4-inch-developed  half-round  tip  cap  provided  the  same 
tip  configuration  as  that  of  Model  #1.  The  entire  tip  assembly 
was  secured  to  the  blade  section  by  bolting  it  through  to  the 
aluminum  rib  and  to  the  solid  metal  leading  edge.  An  O-ring 
provided  the  seal  around  the  D-spar  on  the  inside  face  of  the 
2-1/4-inch  section,  and  a  sheet  rubber  seal  backed  by  a  sheet 
aluminum  cover  plate  provided  the  seal  on  its  outside  face  as 
shown  in  Figure  1, 

Two  types  of  injection  nozzles  were  tested  on  Model  #2.  A 
two-section  nozzle  configuration  was  tested  to  compare  the 
effect  of  mass  injection  in  dissipating  the  tip  vortex  from 
both  at  the  three-quarter  chord  position  and  a  location  at  the 
45%  chord  simultaneously.  A  schematic  diagram  of  the  nozzle 
is  shown  in  Figure  2.  The  injection  angles  were  set  at  3.5 
and  9.5  degrees  for  the  fore  and  aft  nozzle  sections,  respec¬ 
tively,  and  the  injection  nozzles  were  constructed  to  give  a 
slotted  jet  cross-sectional  shape. 
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The  other  type  of  injection  nozzle  installed  on  Model  #2  was 
a  configuration  to  inject  the  air  at  near-sonic  velocities  from 
a  position  located  at  the  three-quarter  chord.  Figure  3  shows 
a  schematic  diagram  of  the  manner  in  which  the  nozzle  section 
was  constructed  to  house  each  of  the  three  interchangeable, 
sonic,  cross-sectional,  converging- type  nozzles.  The  high- 
velocity  nozzles  had  exit  diameters  of  3/8,  1/2,  and  5/8 
inch,  and  were  set  at  an  injection  angle  of  9.5  degrees  with 
respect  to  the  chord  plane.  Each  converging  nozzle  was  con¬ 
structed  by  filling  the  inside  of  a  1-inch-diameter  aluminum 
tube  with  potting  compound,  sliding  a  sonic-shaped  mandrel  into 
the  potting  compound,  and  then  removing  the  mandrel  when  the 
compound  had  hardened  sufficiently,  thus  forming  the  converging¬ 
shaped  nozzles.  The  interchangeable  nozzles  were  held  in  place 
by  screws  and  were  butt- jointed  to  the  nonconverging  tube  with 
an  O-ring  seal.  The  attachment  of  the  2-1/4-inch-wide  wooden 
nozzle  section  to  the  main  section  of  the  model  was  identical 
to  that  of  the  two-section  nozzle. 

Mass  flow  calibrations  for  the  3/8-inch--,  1/2-inch-,  and  5/8- 
inch-diameter  converging  nozzles  are  given  in  Appendix  I. 

The  air-supply  system  for  the  nozzle  was  operated  at  a  static- 
pressure  at  the  orifice  of  35  inches  of  mercury,  and  the  corre¬ 
sponding  mass  flow  rates  for  the  nozzles  were  0.06,  0.12,  and 
0.18  lb/sec,  respectively.  Because  of  inherent  pressure  losses 
in  the  system  and  through  correlations  made  between  the  thrust 
and  mass  flow  measurements,  the  resulting  exit  velocities  were 
found  to  be  on  the  order  of  1000  -  1100  ft/sec. 


C.  OGEE  MODEL 

The  Ogee  Model  was  fabricated  from  an  outboard  section  of  a 
UH-1D  helicopter  blade  and  was  identical  in  planform  to  Models 
#1  and  #2  from  the  tunnel  floor  to  a  station  located  45.9 
inches  up  from  the  floor.  The  measured  twist  of  this  constant- 
chord  section  was  the  same  as  that  of  Model  #2,  that  is, 

0.14  deg/ft.  The  Ogee  Model  was  installed  in  the  wind  tunnel 
in  the  same  manner  as  Models  #1  and  #2,  with  the  twist 
increasing  the  angle  of  attack  with  span,  and  the  model  was 
pitched  about  the  15.5  percent  chord. 

The  Ogee-tip  configuration  was  outboard  of  station  45.9,  and 
resembled  the  shape  of  a  typical  pressure  distribution  over 
the  top  surface  of  an  airfoil.  The  Ogee  shape  evolved  from 
exploratory,  small-scale,  smoke-tunnel  tests  and  wake 
Schlieren  studies,  and  was  designed  to  eliminate  the  separa¬ 
tion  vortex  whose  intense  core  forms  and  passes  off  the  tip 
trailing  edge  (Ref.  5)  . 
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The  sketch  in  Figure  4  shows  a  sealed  comparison  of  the  Ogee 
Model  planform  to  that  of  Models  #1  and  #2.  The  span  of  the 
Ogee  Model  was  determined  on  the  basis  that  the  total  areas  of 
both  planforms  would  be  equal.  Construction  of  the  Ogee-tip 
section  outboard  from  station  45.9  was  from  wood.  The  outer¬ 
most  section  of  the  Ogee  was  mortised  to  fit  a  1/8-inch  steel 
tenon  which  was  bonded  in  the  chord  plane  of  the  inner  wooden 
section.  This  provision  allowed  for  modification  of  the  tip 
section  outboard  from  station  66.05  to  accommodate  additional 
tip  shapes.  Planform  views  of  the  three  tip  shapes  tested  are 
shown  in  Figure  5.  The  unmodified  Ogee  tip,  resembling  the 
shape  of  a  "finger",  is  elliptical  in  cross-sectional  shape, 
whereas  the  three  modified  tips  had  more  slender  cross  sections. 


D.  INSTRUMENTATION 

The  data  readout  systems  at  the  University  of  Maryland  Wind 
Tunnel  were  used  to  record  the  model  angle  of  attack,  tunnel 
conditions,  and  balance  data.  The  mass  flow  of  the  injected 
air  was  computed  from  measurements  of  the  pressures  and  tem¬ 
peratures  across  a  sharp-edge  orifice.  The  static  pressure  at 
the  orifice  was  read  out  on  a  mercury  manometer,  the  pressure 
drop  across  the  orifice  was  read  out  on  an  alcohol  manometer, 
and  the  temperature  at  the  orifice  was  monitored  by  a  thermo¬ 
couple  and  read  out  on  a  potentiometer.  Mass-flow  calibrations 
for  the  various  nozzles,  in  terms  of  the  static  pressure  at 
the  orifice, are  given  in  Appendix  I. 

Measurements  of  the  swirl  velocity  in  the  trailed  tip  vortex 
were  made  with  an  AEA 1  vortex  meter,  and  the  rotational  speed 
of  the  meter  was  read  out  on  an  electronic  digital  counter 
with  the  signal  also  monitored  on  an  oscilloscope.  The 
University  of  Maryland  Wind  Tunnel  facility  provided  a 
remotely-controlled  traverse  mechanism  which  allowed  the  wake 
to  be  surveyed  in  two-dimensions  -  normal  to  the  model  chord 
and  along  its  span.  The  traverse  mechanism  was  positioned 
downstream  such  that  the  vanes  of  the  vortex  meter  were  6.5 
chord  lengths  aft  of  the  trailing  edge  of  the  models.  Digital 
counters  were  used  to  orient  the  location  of  the  vortex  meter 
with  an  accuracy  of  4 0.01  inch  in  both  directions. 

Three  methods  of  flow  visualization  were  used  during  the  wind 
tunnel  tests.  Generated  smoke  was  injected  from  a  probe  and 
released  upstream  of  the  Ogee  Model  to  observe  the  flow  across 
the  tip  section.  Flow  visualization  in  the  proximity  of  the 
models  was  provided  primarily  by  producing  neu trally-buoyant 
helium  bubbles  and  releasing  them  upstream  of  the  model, 
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allowing  them  to  flow  over  the  tip  sections.  The  bubbles  were 
illuminated  by  a  collimated  beam  of  light,  and  the  flow 
patterns  were  observed  and  photographed  both  with  motion  and 
still  film.  A  tuft  grid  was  installed  onto  the  same  frame 
assembly  which  housed  the  traverse  mechanism,  and  indications 
of  the  swirl  in  the  trailed  tip  vortex  were  observed  downstream 
of  the  models  at  6.5,  13,  and  20  chord  lengths  and  photographed 
with  motion  and  still  film. 
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DISCUSSION  OF  RESULTS 


A.  SCOPE  OF  TEST  PROGRAM 

The  test  program  was  conducted  for  several  purposes.  The  first 
was  to  obtain  several  additional  data  points  for  the  data  set 
that  was  obtained  in  Reference  4  in  order  to  establish  the 
variation  of  the  strenqth  of  the  trailed  vortex  as  a  function 
of  mass  flow  more  clearly,  particularly  at  low  mass-flow 
rates.  The  test  program  was  also  conducted  to  determine  the 
effect  of  mass  injection  at  high  velocities  of  injection,  and 
the  effect  of  mass  injection  with  a  two-section  nozzle.  The 
effects  of  a  passive  system,  that  is,  an  Ogee-tip  configuration, 
were  also  investigated. 

Vorticity  surveys  and  balance  system  measurements  were  taken 
for  all  configurations  relating  to  the  mass-injection  tests. 

A  summary  of  the  data  pertinent  to  these  tests,  as  well  as  the 
relevant  data  from  Reference  4,  is  listed  in  Table  I.  Vorticity 
surveys  for  the  mass-injection  test  conditio  is  are  shown  in 
Appendix  II.  Vorticity  surveys  were  infeasible  with  the 
(unmodified)  Ogee-tip  configuration  because  of  the  extensive 
diffusion  of  the  concentrated  vorticity  that  was  effected  by 
this  configuration.  Because  of  possible  performance  penalties 
that  v/ere  associated  with  this  configuration,  however,  several 
modifications  we re  made  to  the  outermost  section  of  the  Ogee- 
tip,  and  the  effect  of  these  modifications  was  investigated 
with  regard  to  their  performance  characteristics.  A  summary 
of  these  data  is  listed  in  Appendix  III. 

Flow  visualization  studies  using  the  helium-bubble  technique  of 
visualization,  as  well  as  tuft-grid  studies,  were  also  conducted 
for  various  configurations,  and  these  data  are  discussed  in  the 
following  sections. 


B.  EFFECT  OF  THE  VELOCITY  OF  INJECTION 


Quantitative  data  were  obtained  in  this  program  at  relatively 
low  mass  flow  rates  to  determine  the  variation  of  the  circula¬ 
tion  strength  of  the  injected  vortices  with  mass  flow  rate 
more  explicitly  than  had  been  obtained  in  the  tests  reported 
in  Reference  4.  For  each  set  of  conditions  for  the  data 
shown  in  Figure  6,  the  area  of  the  injection  nozzle  was 
fixed,  so  that  the  mass  flow  was  increased  by  increasing  the 
velocity  of  injection.  Thus,  at  the  low  rates  of  mass  flow, 
the  velocity  of  injection  is  on  the  order  of  the  free-stream 
velocity.  The  gradient  of  the  curves  for  the  test  conditions 
at  the  lower  free-stream  velocities  is  more  pronounced  at  the 
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lower  mass  flow  rates  than  at  the  higher  free-stream  velocities. 
As  the  mass  flow  and,  hence,  the  injection  velocity  are 
increased,  the  gradient  of  the  curves  for  the  test  conditions 
at  the  higher  free-stream  velocities  also  increases  sharply. 
These  trends  in  the  data  indicate  that  the  difference  between 
the  jet  velocity  and  the  free-stream  velocity  is  an  important 
parameter  in  the  mass-injection  process  and  that  little  dissi¬ 
pative  action  occurs  when  V_.-V  -*-0.  The  data  shown  in  Figure  6 

also  show  that  the  mass  flow  required  to  dissipate  a  fixed 
amount  of  vorticity  is  dependent  on  the  initial  strength  of  the 
vortex . 


In  Reference  4,  it  was  shown  that  a  greater  decrease  in  circu¬ 
lation  strength  could  be  achieved  at  a  constant  mass  flow  if 
the  velocity  of  injection  were  increased  (by  reducing  the  area 
of  the  nozzle) .  The  conditions  for  which  this  result  was 
obtained,  however,  represented  only  approximately  a  '25  percent 
change  in  velocity  from  that  of  a  nominal  nozzle  whose  average 
exit  velocity  at  a  mass  flow  rate  of  0.28  lb/sec  was  on  the 
order  of  450  fps.  The  question  thus  arose  as  to  the  effect  of 
mass  injection  of  a  vortex  at  near-sonic  velocities  of  injec¬ 
tion.  Figure  7  shows  a  comparison  of  the  variation  in  circu¬ 
lation  strength  with  mass  flow  between  the  high-velocity 
nozzles  and  those  at  the  comparatively  low  exit  velocities. 
Whereas  the  area  of  the  low-velocity  nozzles  was  fixed  so 
that  mass  flow  was  increased  by  increasing  the  velocity  of 
injection,  the  area  of  the  high-velocity  nozzles  was  varied 
to  increase  the  mass  flow  v/hile  holding  the  velocity  constant. 
The  efficiency  of  the  high-velocity  nozzles  is  obvious,  as 
noted  by  the  sharper  initial  drop  in  circulation  strength  with 
mass  flow, indicating  again  that  the  difference  between  the 
injection  velocity  and  the  free-stream  velocity  is  a  primary 
parameter  in  the  injection  process.  Comparison  of  the  data  for 
the  test  conditions  at  a  free-stream  velocity  of  150  fps  shows, 
however,  that  only  a  fixed  amount  of  reduction  in  circulation 
strength  can  be  achieved  at  a  fixed  downstream  location  regard¬ 
less  of  the  injection  velocity.  The  data  point  at  a  mass  flow 
of  0.18  lb/sec  for  the  high-velocity  nozzle  at  V=150  fps 

indicates  that  the  vortex  had  been  spread  rather  than  dissipated 
further  from  its  condition  at  a  mass  flow  of  0.12  lb/sec.  The 
vorticity  distributions  for  these  data  points  which  show  the 
spreading  effect  are  shown  in  Appendix  II.  The  spreading 
phenomenon  was  also  observed  for  the  low-velocity  nozzles  as 
discussed  in  Reference  4,  that  is,  that  there  is  only  an 
optimum  amount  of  mass  flow  which  can  be  injected  into  a  vortex 
to  dissipate  its  energy.  Injection  of  mass  flow  above  the 
optimum  rate  will  produce  a  further  decrease  in  the  maximum 
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swirl  velocities  in  the  vortex,  but  the  vortex  will  spread  such 
that  the  total  circulation  of  the  vortex  will  tend  to  remain 
relatively  constant. 


Figure  8  shows  the  vorticity  distributions  of  injected  vortices 
at  a  mass  flow  rate  of  approximately  0.20  lb/sec  for  relatively 
low  velocities  of  injection,  and  at  a  high  velocity  of  injec¬ 
tion.  It  is  seen  that  as  the  injection  velocity  is  increased, 
the  peak  swirl  velocity  decreases.  At  the  low  injection  veloci¬ 
ties,  the  size  of  the  vortex  remains  relatively  constant,  such 
that  the  circulation  strength  of  the  vortex  was  diminished. 

At  the  high  injection  velocity,  the  vortex  was  spread  but  the 
higher  velocity  of  injection  also  effected  more  dissipation 
than  the  lower  velocity  nozzles  at  approximately  the  same 
mass-flow  rate.  The  circulation  strength  of  the  vortex  injected 
at  1045  fps  was  approximately  one-half  of  that  which  was 
injected  at  283  fps.  Thus,  although  the  high-velocity  nozzle 
exhibited  some  inefficiency  in  that  it  spread  the  vortex,  it 
was  still  more  efficient  than  the  low-velocity  nozzles  in  also 
dissipating  the  vortex.  The  increase  in  the  velocity  of  injec¬ 
tion  is  also  seen  to  shift  the  vortex  slightly  outboard,  but 
the  slight  shift  is  too  small  to  cause  any  change  in  the 
induced  effect  of  the  vortex  on  the  performance  characteristics 
of  the  airfoil. 

Figure  9  shows  the  vorticity  distributions  which  yield  approxi¬ 
mately  the  same  circulation  strength  for  two  combinations  of 
mass  flow  and  injection  velocity.  For  the  higher  injection 
velocity,  the  mass  flow  that  was  required  to  reduce  the  strength 
of  the  vortex  to  approximately  one-third  of  its  uninjected 
value  is  less  than  one-half  of  that  which  was  required  at  the 
lower  velocity  of  injection.  The  velocity  of  injection  is  thus 
seen  to  be  a  primary  parameter  in  the  injection  process  of 
vortex  dissipation. 

Photographs  of  flow  visualization  using  the  helium-bubble 
technique  are  shown  in  Figure  10  both  with  and  without  mass 
injection  with  the  1/2-inch-diameter  high-velocity  nozzle. 

The  downstream  view  shows  how  the  typical  high-velocity  nozzle 
breaks  up  the  solid  core  rotation  and  changes  the  swirling 
motion  set  up  around  it  into  a  flow  field  which  is  more 
turbulent . 

Appendix  II  contains  the  vorticity  survey  plots  obtained  from 
vortex  meter  readings  made  at  6.5  chord  lengths  downstream, 
and  the  net  balance  measurements  for  each  of  these  test  condi¬ 
tions  of  mass  injection  are  presented  in  Appendix  IV.  As  with 
the  low-velocity  injection  nozzles,  mass  injection  at  high 
velocities  dees  not  appear  to  significantly  affect  the  aero¬ 
dynamic  performance  characteristics  of  the  blade  section. 


For  a  full-scale  helicopter,  the  tip  speed  of  the  blade  varies 
in  the  range  of  approximately  650-'v  ■  950  fps  throughout  the 

azimuth.  The  minimum  tip  speed  occurs  at  =  2 7 0 °  and  the  maxi¬ 
mum  at  v=90°.  The  circulation  also  varies,  but  the  minimum 
occurs  near  ’j,  =  90°  and  the  maximum  on  the  retreating  side  of 
the  disk.  The  combination  of  these  conditions  tends  to  enhance 
the  applicability  of  the  vortex-injection  technique  to  full- 
scale  helicopters  since  the  largest  circulation  strengths  occur 
at  the  azimuthal  locations  where  tip  speeds  are  a  miminum.  The 
difference  in  velocity  between  a  sonic  jet  and  the  free  stream 
is  thus  near  a  maximum  where  the  circulation  strengths  are  a 
maximum.  The  application  of  the  vortex-injection  technique 
to  full-scale  hardware  is  also  discussed  further  in  Section  IV. 

C.  EFFECTS  OF  MASS  INJECTION  WITH  A  TWO-SECTION  NOZZLE 

The  flow-visualization  studies  that  were  conducted  in  the  test 
program  of  Reference  4  showed  that  the  tip  vortices  trailed  off 
the  lifting  surfaces  at  approximately  the  three-quarter- chord 
position.  The  nozzles  were  designed  to  inject  the  vortices  as 
they  trailed  off  the  lifting  surfaces,  that  is,  they  were 
placed  at  the  three-quarter-chord  position.  It  was  evident, 
however,  that  the  vortices  formed  over  the  tip  across  the 
entire  chord  of  the  airfoil,  and  it  was  believed  that  possible 
additional  beneficial  effects,  in  regard  to  both  vortex  dissi¬ 
pation  and  performance,  may  be  realized  if  the  vortices  were 
injected  as  they  were  in  the  process  of  formation.  The  two- 
section  nozzle  described  in  Section  II  was  tested  to  determine 
these  effects  at  a  wind  tunnel  velocity  of  150  ft/sec  and  a  tip 
angle  of  attack  of  9.5  degrees.  A  comparison  of  the  variation 
of  the  circulation  strength  with  mass  flow  between  the  two- 
section  nozzle  and  that  of  a  corresponding  single-section 
nozzle  is  shown  in  Figure  11.  The  two-section  nozzle  is  seen 
to  be  slightly  more  efficient  in  dissipating  the  tip  vortex 
than  the  single-section  nozzle  at  mass  flow  rates  below 
approximately  0.2  lb/sec.  Above  this  mass  flow  rate,  the  two- 
section  nozzle  spreads  the  vortex,  whereas  no  spreading  was 
effected  by  the  single-section  nozzle  up  to  a  mass  flow  rate  of 
approximately  0.4  Ib/sec.  This  phenomenon  can  be  related  to 
the  manner  in  v/hich  the  vortices  can  be  injected  (e.g.,  span- 
wise  blowing  or  that  normal  to  the  chord  plane  wherein  the 
vortex  is  not  injected  directly)  such  that  vortex  spreading  or 
vortex  relocation  is  effected,  rather  than  vortex  dissipation. 
The  second  possible  benefit  of  the  two-section  nozzle,  that  is, 
in  regard  to  possible  benefits  in  performance,  was  not  realized. 
It  has  been  anticipated  that  some  improvement  in  performance 
could  be  realized  by  a  possible  reduction  in  induced  drag  if 
the  vortex  were  injected  at  a  position  farther  forward  on  the 
airfoil.  No  improvement  was  realized  in  this  respect  since  the 
dissipative  effect  was  still  found  to  be  a  function  of  time, 
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that  is,  the  dissipative  effects  developed  with  downstream 
position.  In  the  vicinity  of  the  airfoil,  the  vortex  formed 
in  nearly  the  same  manner  as  without  injection,  indicating  that 
the  vortex  has  not  been  sufficiently  relocated  so  that  the 
effects  on  performance  were  minimal.  The  performance  charac¬ 
teristics  of  the  two-section  nozzle  configuration  are  listed 
in  Appendix  IV. 

Photographs  of  the  flow  fields  with  and  without  mass  injection 
for  the  two-section  nozzle  configuration  are  shown  as  Figures 
12  and  13.  In  the  proximity  of  the  airfoil,  the  injected  mass 
of  air  eliminated  the  characteristic  solid  entrainment  of 
bubbles  near  the  center  of  the  vortex,  but  the  view  depicting 
a  greater  section  of  the  wake  indicates  that  the  flow  over  the 
airfoil  was  basically  the  same  whether  the  vortex  had  been 
injected  or  not.  As  the  wake  progresses  downstream,  however, 
it  is  seen  that  the  injected  vortex  is  in  the  process  of 
breaking  up  into  a  random  turbulent  pattern  rather  than  con¬ 
tinuing  to  tighten  up  into  a  swirling  pattern  as  it  dees  with¬ 
out  mass  injection. 


D.  EFFECTS  OF  A  PASSIVE  SYSTEM  -  THE  OGEE-TIP"  ON  VORTEX 
DISSIPATION 

In  addition  to  the  tests  of  the  active  devices  to  dissipate 
the  trailed  tip  vortices,  a  passive  system,  the  Ogee- 
tip  configuration,  was  also  tested  to  determine  its  effect  on 
the  modification  of  che  trailed  tip  vortex.  For  this  configura¬ 
tion,  it  was  expected  that  wake  surveys  would  be  conducted  at 
the  same  lift  as  that  obtained  with  Models  #1  or  #2  at  a  wind 
tunnel  velocity  of  150  ft/sec  and  at  a  tip  angle  of  attack  of 
9.5  degrees.  Surveys  of  the  wake  at  6.5  chord  lengths  down¬ 
stream  were  impractical,  however,  as  the  trailed  vortex  had 
become  diffused  to  the  point  where  little  confidence  could  be 
ascribed  to  the  vortex-meter  measurements.  In  lieu  of  the 
detailed  wake  measurements,  the  effects  of  the  Ogee  tip  were 
analyzed  by  comparison  of  the  performance  character istics  of 
the  Ogee-tip  configuration  with  those  of  the  rectangular  plan- 
form  model.  Graphical  comparisons  of  these  parameters  are 
shown  in  Figures  14  through  17 ,  and  tabular  presentations  of 
the  data  that  we re  obtained  are  listed  in  Appendix  III. 

Comparison  of  the  lift-to-drag  ratios  versus  angle  of  attack 
of  the  Ogee-tip  and  rectangular  planform  models  is  shown  in 
Figure  14  for  four  wind  tunnel  velocities.  Zero  lift  occurred 
at  a  slightly  different  angle  of  attack  for  each  model  because 
of  the  differences  in  twist  and  alignment  in  the  wind  tunnel. 

At  low  angles  of  attack,  the  lift-curve  slope  of  the  Ogee-tip 
model  is  seen  to  be  greater  than  that  of  the  rectangular  plan- 
form  model,  and  the  Ogee-tip  model  also  achieves  higher  lift- 


11 


to-drag  ratios.  A'  the  angle  of  attack  increases  beyond  the 
peak  L/D,  however,  the  L/D  for  the  Ogee-tip  model  drops  more 
sharply  than  the  rectangular  planform  model.  Figure  .15  shows 
the  typical  lift  and  drag  variations  versus  angle  of  attack 
for  the  two  configurations  at  a  wind  tunnel  velocity  of  150 
ft/sec.  At  the  low  angles  of  attack,  the  difference  in  the 
lower  absolute  values  of  the  lift  between  the  Ogee-tip  and 
rectangular- tip  configurations  is  offset  by  the  difference  in 
the  absolute  values  of  the  drag,  resulting  in  the  higher  lift- 
to-drag  ratios  for  the  Ogee-tip  configurations.  At  the  hiqher 
angles  of  attack,  the  difference  in  the  absolute  values  of  the 
lift  between  the  two  configurations  tends  to  become  broader, 
but  the  drag  of  the  Ogee-tip  configuration  increases  to  values 
above  that  of  the  rectangular  planform.  The  latter  effect 
resulted  in  the  much  sharper  drop  in  the  L/D  ratio  that  was 
shown  in  Figure  14.  The  much  sharper  rise  in  the  drag  for  the 
Ogee-tip  model  can  be  attributed  to  the  outermost  section  of 
the  model,  which  has  an  elliptical  airfoil  that  exhibits  this 
typical  characteristic  in  drag  variation. 

Figure  16  shows  the  variation  of  the  center  of  lift  versus 
angle  of  attack  for  the  Ogee-tip  and  standard-tip  configura¬ 
tions.  For  the  standard-tip  model,  the  center  of  lift  is 
located  approximately  47.4  percent  of  the  semispan  outboard  of 
the  tunnel  floor.  For  the  Ogee-tip  configuration,  the  center 
of  lift  moves  approximately  0.2  foot  farther  outboard  or 
approximately  4  percent  of  the  standard  semispan.  The  center 
of  lift  is  located  approximately  40.9  percent  outboard  with 
respect  to  the  overall  semispan  of  the  Ogee.  Figure  17  shows 
the  center  of  drag  for  the  standard-tip  and  Ogee-tip  configura¬ 
tions.  The  center  of  drag  for  the  standard-tip  configuration 
is  seen  to  coincide  with  the  center  of  lift  for  moderate  angles 
of  attack.  The  data  for  the  Ogee-tip  configuration  shows  a 
little  more  scatter  in  the  same  angl e-of-attack  range,  but  in 
general  it  also  shows  that  the  center  of  drag  coincides  with 
the  center  of  lift.  At  the  high  angles  of  attack,  the  center 
of  drag  for  the  Ogee-tip  configuration  is  seen  to  move  farther 
outboard  than  the  standard-tip  configuration,  which  indicates 
that  drag  at  the  tip  of  the  model  increases  much  more  than 
that  on  the  inboard  section.  These  data  corroborate  that 
shown  in  Figure  14  and  indicate  that  a  drag  and  torque  penalty 
could  be  expected  for  the  Ogee-tip  configuration  during  opera¬ 
tion  at  high  angles  of  attack,  which  would  be  more  severe  than 
that  for  the  standard-tip  configuration. 

Modifications  in  the  outermost  tip  of  the  Ogee-tip  configura¬ 
tion  were  also  implemented,  and  Figure  18  shows  the  typical 
lift-to-drag  variation  with  angle  of  attack  for  two  of  the 
three  modified  tips  that  were  tested.  It  is  seen  that  higher 
lift-to-drag  ratios  can  be  obtained  as  the  Ogee  finger  is 
reduced  in  area  with  only  slight  changes  in  the  lift-curve 
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slope.  Balance  data  were  not  obtained  for  modification  No.  3 
of  the  Oqee,  but  on  the  basis  of  the  L/D  variations  shown  with 
changes  in  area,  it  would  be  expected  that  the  peak  L/D  would 
fall  between  the  unmodified  Ogee  and  modification  No.  2. 

Flow-visualization  studies  were  conducted  for  all  outermost  tip 
conf igura tions  using  the  helium-bubble  t echn ique,  and  Figure  19 
shows  the  flow  field  in  the  near  wake  of  the  various  tip  con¬ 
figurations.  It  is  seen  that  the  unmodified  Ogee  tip  and 
modifications  No.  3  and  2  show  no  evidence  of  a  concentrated 
core  ot  rotation  as  that  normally  seen  for  a  rectangular  tip. 

As  the  outermost  area  of  the  finger  is  reduced,  however,  as  in 
modification  No.  1,  it  is  seen  that  there  is  a  stronuor  ten¬ 
dency  for  the  flow  to  form  a  tighter  swirling  motion. 

The  quantitative  and  qualitative  data  that  were  obtained  for 
the  various  Oqee-tip  configurations  indicate  that  variations 
in  tip  geometry  can  be  effective  in  diffusing  the  concentrated 
vortex  that  is  usually  formed  by  rectangu lar-t ip  configurations, 
The  various  shapes  of  the  outermost  section  of  the  Ogee  also 
showed  higher  lift-curve  slopes  and  higher  peak  lift-to-drag 
ratios  than  the  standard-tip  configuration.  Above  the  peak 
L/D  ratios,  however,  the  performance  characteristics  of  the 
various  Ogee  shapes  degraded  more  sharply  than  the  standard- 
tip  shape. 


F.  TUFT-GRID  FLOW- VISUALIZATION  STUDIES 

The  measurements  of  the  vorticity  in  the  wake  had  to  be  con¬ 
strained  to  those  at  6.5  or  fewer  chord  lengths  downstream  of 
the  model  because  of  the  unsteadiness  of  the  trailed  vortices 
in  the  diffuser  section  of  the  wind  tunnel.  The  trailed 
vortices  were  observed  at  oos.itions  farther  downstream  with  the 
aid  of  tuft  grids,  which  were  placed  at  6.5,  13  and  20  chord 
lengths  downstream  for  various  configurations.  For  Models #1  and 
#2,  data  that  were  obtained  with  the  tuft  nr  ids  were  obtained  at 
the  same  conditions  as  that  for  which  the  wake  vorticity  surveys 
v/ere  made  either  in  the  program  as  reported  in  Reference  4  or  in 
the  present  program.  The  swirl  patterns  that  are  shown  for  the 
models  that  v/ere  tested  in  this  program  at  6.5  chord  lengths 
downstream  can  be  related  to  the  vorticity  distributions  that 
are  presented  in  Appendix  II.  For  the  mass-injection  configura¬ 
tions,  the  tuft-grid  photographs  (Figures  20  through  24)  can 
be  viewed  in  two  aspects.  Firstly,  the  photographs  show  the 
effect  of  mass  injection  at  a  fixed  downstream  position,  and 
they  also  show  the  effect  of  age  at  a  fixed  mass  flow  rate. 
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For  the  6.5  chord-length  position  downstream  of  the  model,  the 
camera  was  positioned  approximately  7  feet  behind  the  tuft  grid; 
for  the  13  chord-length  position,  the  camera  was  mounted 
approximately  10  feet  behind  the  tuft  grid.  These  positions 
resulted  in  excellent  photographic  resolution  of  the  tuft  grid 
patterns,  as  seen  in  Figures  20  through  24.  For  the  20  chord- 
length  position,  the  camera  had  to  be  mounted  on  the  turning 
vanes  of  the  wind  tunnel,  approximately  30  feet  from  the  tuft 
grid.  This  position  resulted  in  poorer  resolution  of  the 
tuft  grid  patterns. 

Figure  20  shows  a  series  of  photographs  for  Model  ill  at  a  wind 
tunnel  velocity  of  150  ft/sec  and  a  tip  angle  of  attack  of 

9.5  degrees.  Figure  21  shows  the  series  of  photographs  at  a 
wind  tunnel  velocity  of  100  ft/sec  and  a  tip  angle  of  attack 
of  13.5  degrees.  The  measured  circulation  strengths  at  6.5 
chord  lengths  downstream  for  these  two  conditions  without  mass 
injection  were  the  same  as  shown  in  Figures  6  and  7.  At 
V=150  ft/sec  and  •.  =  9.5  degrees,  little  difference  can  be  seen 
between  the  tuft-grid  patterns  of  the  noninjected  vortex  and 
that  injected  at  0.175  lb/sec.  The  vortex  persisted  at  a  mass 
flow  of  0.280  lb/sec,  but  the  swirl  motion  of  the  tufts  appeared 
to  have  diminished  slightly,  particularly  at  20  chord  lengths 
downstream,  where  the  blur  pattern  on  the  tuft  grids  v/as  not 
as  marked  as  it  was  for  nm=0  or  m^O.175  Ib/sec.  At  V=100  ft/sec 

and  '<  =  13.5  degrees,  the  difference  in  the  tuft-grid  patterns 
between  the  noninjected  case  and  at  nm  =  0.175  lb/sec  is  more 

noticeable,  in  particular  at  20  chord  lengths  downstream, 
where  the  blur  pattern  for  rim  =0.17  5  lb/sec  was  not  as  marked 

as  it  was  for  m.=0.  At  m. =0.280  lb/sec,  the  swirl  motion  of 

l  l 

the  tufts  appeared  to  have  diminished  further,  and  again,  the 
difference  among  the  tuft-grid  patterns  at  rrm=0,  0.175  and 

0.280  Ib/sec  is  more  pronounced  at  20  chord  lengths  downstream 
than  at  6.5  or  13.5  chord  lengths  downstream. 

Figure  22  shows  the  tuft-grid  patterns  for  V=150  ft/sec  and 
a  =  13. 5  degrees.  For  this  case,  the  tuft-grid  patterns  indicate 
that  mass  injection  at  approximately  the  same  mass-flow  rates 
was  not  as  effective  as  it  was  for  an  angle  of  attack  of 

9.5  degrees  at  V=150  ft/sec,  or  at  an  angle  of  attack  of 

13.5  degrees  at  V=100  ft/sec.  There  appears  to  be  little 
difference  in  the  tuft-grid  patterns  between  m.=0  and 

rrm  =0.200  Ib/sec  at  all  downstream  positions,  and  a  slight 

decrease  in  swirl  motion  of  the  tufts  at  0.280  Ib/sec.  The 
decrease  in  the  swirl  motion  of  the  tufts  is  more  pronounced 
at  20  chord  lengths  downstream  than  at  6.5  or  13.5  chord 
lengths  downstream. 
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Further  inspection  of  the  tuft-qrid  photographs,  Figures  20 
through  22,  shows  that  the  vortex  motion  was  contained  in 
approximately  an  equal  area  for  the  noninjected  or  injected 
vortices.  Thus,  if  the  swirl  velocities  were  decreased  within 
this  area,  the  circulation  of  the  vortex  would  also  be 
decreased . 

Figures  23  and  24  show  a  series  of  tuft-grid  photographs  for 
the  cases  in  which  the  velocity  of  injection  w as  near  sonic. 

The  wind  tunnel  velocity  for  these  cases  was  150  ft/sec  and 
the  tip  angles  of  attack  were  9.5  and  13.5  degrees,  as  shown 
in  Figures  23  and  24,  respectively.  For  the  lower  angle  of 
attack,  Figure  23,  comparison  of  the  tuft-grid  patterns  of 
the  noninjected  case  and  one  at  a  mass  flow  rate  of  0.18  lb/sec 
shows  a  considerable  amount  of  turbulent  motion  in  the  tufts 
for  the  injected  vortex  at  6.5  chord  lengths  downstream. 

Injection  at  a  mass  flow  rate  of  0.12  lb/sec  does  not  appear 
to  have  effected  this  turbulent  motion  in  the  tufts.  The 
vorticity  distributions  presented  in  Appendix  II  indicate 
that  the  vortex  which  v/as  injected  at  a  mass  flow  rate  of 
0.18  lb/sec  had  been  spread,  whereas  that  injected  at  a  mass 
flow  rate  of  0.12  lb/sec  was  not.  The  turbulent  motion  in  the 
tuft  grids  is  evident  to  a  lesser  deqree  at  13  chord  lenqths 
downstream,  and  comparison  of  the  tuft-qrid  patterns  shows  a 
decreasing  degree  of  swirl  motion  in  the  tufts  with  increasing 
mass  flow.  At  20  chord  lenqths  downstream  of  the  model,  that 
is,  in  approximately  0.23  second,  no  evidence  of  a  vortex 
could  be  detected  on  the  tuft  grid. 

For  the  higher  tip  angle  of  attack,  Figure  24,  at  a  mass  flow 
rate  of  0.18  Ib/sec,  the  swirl  motion  is  much  more  distinctive 
on  the  tufts  than  that  at  the  lower  tip  angle  of  attack  at  the 
same  mass  flow  rate.  At  6.5  chord  lenqths  downstream,  the 
turbulent  motion  of  the  tufts  is  noticeably  less  pronounced 
than  at  the  lower  angle  of  attack  (Figure  23) .  There  is  also 
less  evidence  of  this  turbulent  motion  at  13  chord  lenqths 
dov/nstream.  At  20  chord  lengths  downstream  with  mass  injection, 
the  tufts  show  a  rather  weak  swirl  pattern, as  evidenced  by  the 
lack  of  the  typical  blur  which  is  evident  without  mass  injection. 

The  tuft-qrid  studies  qualitatively  corroborate  the  quantitative 
measurements  of  the  vorticity  in  the  trailed  vortices,  as  in 
most  cases  it  has  been  observed  that  the  degree  of  swirl  motion 
of  the  tufts  v/as  less  as  mass  injection  w as  applied.  The  tuft- 
grid  studies  also  showed  that  this  decrease  in  sv/irl  velocity 
could  be  effected  v/ithout  spreading  the  vortex,  which  indicates 
that  the  circulation  strength  of  the  vortex  was  decreased  by 
mass  injection.  The  vortex  motion  without  mass  injection  was 
shown  to  be  persistent  up  to  20  chord  lenqths  downstream. 

Although  no  quantitative  measurements  of  the  swirl  velocities 


as  a  function  of  downstream  position  could  be  obtained  from  the 
studies,  no  swirl  motion  was  observed  on  the  tuft  grids  at  20 
chord  lengths  for  one  mass-flow  condition,  where  it  had  been 
observed  farther  upstream.  From  this  observation  and  that 
shown  for  other  mass-flow  conditions,  it  can  be  concluded  that 
the  effects  of  mass  injection  propagate  downstream.  Conversely, 
the  tuft-grid  studies  showed  no  evidence  of  the  reformation  of 
the  vorticity  as  far  as  20  chord  lengths  downstream  of  the 
mod  els. 

Figures  25  and  26  show  the  tuft  grid  patterns  for  the  Ogee-'cip 
configuration  for  a  wind  tunnel  velocity  of  150  ft/sec,  and  at 
root  angles  of  attack  of  8,  10  and  12  degrees  at  6.5  and  13 
chord  lengths  downstream,  respectively.  The  resolution  of  the 
photographs  at  20  chord  lengths  downstream  was  not  sufficient 
to  shov;  the  noted  effects  of  the  Ogee  tip.  At  a  root  angle  of 
attack  of  8  degrees,  there  is  practicallv  no  evidence  of  swirl 
motion  in  the  tuft  grids  at  6.5  chord  lengths  downstream, 
while  at  13  chord  lengths  downstream,  only  slight  evidence  of 
swirl  motion  can  be  seen.  As  the  root  angle  of  attack  is 
increased  to  10  degrees,  turbulent  motion  begins  to  appear  in 
the  tufts.  At  13  chord  lengths  downstream,  only  slight 

evidence  of  swirl  motion  appears  on  the  tuft  grid  that  would 
be  indicative  of  a  concentrated  vortex.  At  12  degrees  angle 
of  attack,  the  turbulent  motion  in  the  tufts  becomes  more 
pronounced  and  spreads  over  a  wider  tuft  area.  Indications 
of  swirl  motion  are  more  distinguishable  13  chord  lengths 
downstream  of  the  model  than  at  6.5  chord  lengths  downstream. 

Qualitatively,  the  tuft-grid  data  for  the  Ogee-tip  configura¬ 
tion  support  the  quantitative  balance  measurements  and  the 
helium-bubble  flow  studies.  Attempts  to  obtain  vorticity 
distributions  in  the  wake  of  the  Ogee  tip  at  6.5  chord  lengths 
downstream  were  unsuccessful,  and  the  reason  for  this  factor 
can  be  attributed  to  the  lack  of  swirl  motion  as  depicted  in 
the  photographs.  Visual  observation  of  the  tufts  at  20  chord 
lengths  downstream  showed  no  evidence  of  a  concentrated  vortex. 
On  this  basis,  it  can  be  concluded  that  the  Ogee-tip  configura¬ 
tion  is  efficient  in  diffusing  the  concentrated  vortex  that 
would  normally  be  trailed  off  a  conventional  rotor-blade  tip. 


IV.  ANALYSES  OF  RESULTS  WITH  APPLICATION  TO 


FLIGHT  HARDWARE 


Since  all  of  the  tests  that  have  been  conducted  to  date  have 
used  only  models,  the  injection  requirements  for  a  full-scale 
fliqht  vehicle  have  not  been  determined  experimentally.  In 
order  to  extrapolate  the  model  results  to  full-scale  require¬ 
ments,  a  means  of  scaling  the  results  must  be  developed  and 
verified.  One  manner  of  accomplishing  this  is  to  extrapolate 
experimental  data  obtained  with  scale  models  to  full-scale 
values.  This  extrapolation  has  been  done  in  Figure  27,  which 
presents  the  correlation  of  the  modified  circulation  in  the 
wake  as  a  function  of  the  thrust  of  the  jet  injecting  the 
vortex.  As  can  be  seen  from  the  data  presented  in  Figure  27, 
above  a  certain  value  of  the  jet  thrust,  very  little  additional 
dissipation  is  achieved  for  a  vortex  having  a  specific  initial 
strength.  The  straight  line  that  is  drawn  in  Figure  27  was 
passed  through  this  somewhat  optimum  thrust  value  for  each 
vortex  of  different  initial  strength.  The  slope  of  the  line 
is  thus  the  pounds  of  thrust  required  to  dissipate  the  initial 
strength  of  the  vortex  to  approximately  40%  of  its  initial 
strength  at  6.5  chord  lengths  downstream.  Thus,  if  the  initial 
strength  of  the  full-scale  tip  vortex  is  400  ft-'/sec,  this 
scaling  parameter  would  predict  that  the  jet  thrust  should  be 
approximately  20  pounds  to  achieve  the  optimum  dissipation  at 
6.5  chord  lengths.  Although  a  detailed  theoretical  analysis 
to  substantiate  the  results  of  the  vortex-injection  technique 
and  to  scale  the  results  to  full-scale  values  was  beyond  the 
scope  of  this  program,  a  brief,  rather  straightforward  analysis 
of  the  diffusion  of  a  trailing  vortex  by  mass  injection  was 
conducted  on  the  basis  of  the  time-dependent  decay  of  laminar 
line  vortices  in  general. 

Lamb  (Ref.  6)  solved  the  problem  of  the  diffusion  of  a  laminar 
line  vortex  with  time.  If  time  is  replaced  by  z/Vn  in  Lamb's 

solution,  where  z  is  a  distance  from  the  trailing  edge  down¬ 
stream,  the  same  solution  can  be  applied  to  the  decay  of  the 
trailing  vortex  downstream.  This  solution  is 


r 

r  o 


1 


-  n 

e 


(1) 
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where 


where  r  is  circulation  at  any  n,  and  r0  is  the  circulation  at 
z  =  0  or  n  equal  to  infinity. 

The  circulation  of  a  line  vortex  may  be  expressed  as 

r  =  2irrv  (' 


where  v  is  swirl  velocity.  If  the  core  radius,  r  ,  is  defined 

ip  c 

as  the  radius  at  which  v  is  maximum,  then  the  circulation  in  the 

core,  r  ,  of  the  vortex  can  be  defined  as 
c 

r  =  2ur  ( v  )  (4) 

c  c  <J>  max 

Squire  (Ref.  7)  suggested  that  a  turbulent  trailing  vortex  can 
be  described  by  the  same  solution  as  Equation  (1)  if  ■„  is 
replaced  by  v  ,  where  '  is  the  kinematic  eddy  viscosity.  Thus, 


-r-  =  1  -  e 

*  o 


with 


with 


=  k  =  1  -  e 


V  rl 

<X>  Q 

nc  4  vz 


then  k  can  be  obtained  from  Equations  (4)  and  (5).  Theoretically, 
k  =  0.716,  although  empirically  it  varies,  depending  on  F0/v. 


Also,  from  Equations  (4)  and  (5), 


v 


r  0 


=  a  = 


i  i'nV 

- 1  k  *•  L 

T6T2  In(l-k)  (V  ')  ?-  z 

1  max 


(8) 


If  the  observed  value  of  the  maximum  tanqential  velocity  at  an 
axial  distance  z  is  known,  v  can  be  estimated  from  Equation  (8) 

Also  (V  )  z  is  approximately  constant  far  downstream  (self- 
1  max 

similar  solution),  where  z  is  measured  from  a  virtual  origin 

chosen  so  that  (V  ) 2  z  is  a  constant. 

1  max 


Empirically,  according  to  S.  P.  Govindaraju  and  P.  G.  Saffman 
(Ref.  8) ,  the  value  of  'a'  is  a  function  of  Reynolds  number, 
i.e.,  r0/v ,  and  it  varies  from  10"^  to  10-^  depending  on 
"o/.1*  P.  R.  Owen  (Ref.  9),  using  k=0.716,  obtained 


(V,)mav  z 

v  max 


/■  ..-1/2 


V 


(9) 


where  A  depends  on  the  age  of  the  vortex.  For  sufficiently  far 
downstream  distances,  A  can  be  taken  as  1.2.  Equations  (8)  and 
(9)  therefore  give 


-k2 

in ( 1-k) 


-  ..  l/r  i/2 

*•  i  _  '  \' 


(10) 


Equation  (5)  can  also  be  used  to  determine  the  vortex  decay 
caused  by  the  injection  of  a  turbulent  jet  into  the  core  by 
replacing  by  e  ,  where  is  the  kinematic  eddy  viscosity 

of  the  injected  jet. 


According  to  the  measurements  of  Van  der  Hegge  Zijne  (Ref.  10) 
and  Alexander,  Baron,  and  Comings  (Ref.  11)  for  incompressible 
jets  (turbulent)  in  still  air,  and  for 


e  =  0. 0137  V  .d  . 

m  j  j 


(11) 


where  V.  is  the  jet  velocity  and  d.  is  the  jet  diameter, 

D  3 

Abramovich  (Ref.  12)  showed  that  the  compressibility  effects 
were  negligible  when  the  maximum  velocity  of  jet  mixing  flow 
is  subsonic. 
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Wygnanski ' s  results  (Ref.  13)  show  that  e 

free  stream  depends  on  the  value  of  free 
thrust,  mass  flow,  etc.  In  the  mass  ini 
issues  in  a  core  of  a  vortex.  if  it  is 
velocity  in  the  core  is  equal  to  the  fre 
can  be  assumed  that 


m  for  the  jet  in 

-stream  velocity, 
ection  process,  a 
assumed  that  the 
e-stream  velocity 


a 


jet 
jet 
axial 
,  it 


t:m  =  °-0137  ^vj  -  VJdj 


where  6  is  a  function  of  the 
observed  that  the  value  of  S 
1/2  for  subsonic  jets  for  V  > 
a  constant.  ” 


free-stream  velocity  V  .  It  is 
reaches  an  asymptotic  value  of 
150  fps.  Thus  6  is  approximately 


With  mass  injection, 


r 

me 


1 


(13) 


with 


n 

c 


4  vz 


where  is  the  circulation  with 


mass  injection  at 


Eliminating  r0  from  Equations  (6)  and  (13) 
expression  is  obtained:  r  ,  ' 


r 

me 


r 

c 


-n 


ce 


m 


the  following 


Using  Equation  (6)  this  expression  can  be  rewritten  as 


In ( 1-k) — 

e 

m 


> 


(14) 
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Combining  Equations  (10)  and  (11)  yield: 


-k2 


AM-o'/V/-’ 


m 


t  n  ( 1  - k )  0.01376  (v".'-v  )  d 

1  ■*»  j 


(15) 


and,  therefore,  Equation  (14)  become: 


me 


V2  1  /? 

- k 2  A  2  v  r0 


0 . 0137  c (V , -V  ) d 
1  -  e  3  05  j 


(16) 


Substituting  k  =  0.716,  A  =  1.2,  v  =  166  x  10‘G  ft2/sec  the 
following  expression  is  obtained:  ' 


7; 


-0.693 


me 


-  1.41  -  e 


5 ( V . -V  )d. 
1  »  1 


(17) 


veJlflcation  of  the  above  relation  can  be  obtained  empiri- 
ally  by  using  the  vorticity  surveys  from  Reference  4  and 
those  from  the  tests  in  the  present  program,  ^he  circulation 

at  /s  ”®re  °(>tained  bY  integrating  the  vorticity  plots  taken 
at  6.5  chord  lengths  downstream.  aKen 

instead  of  comparing  rmc/rc,  comparisons  can  be  made  of  the 
total  integrated  values  of  the  circulation,  that  is,  r  /r, 

It  was  observed  that  r  /r  '■  T  / r  . 
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me 
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~  =  1.4 


-0.693 
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i/: 


]  - 


6(V.-V  ) d  . 
3  3 


(18) 


?ne^-hf  ^  £0?straints  on  Equation  (18)  is  that  the  expression 

less  tha^O  716  mU*^haVe  3  Value.less  than  1.0/1. 4,  that  is, 
than  0.716.  The  expression  is  invalid  for  values  above 
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0.716  since  the  ratio  r  /r0  would  then  be  qreater  than  unity. 

m  u  1 

Physically,  this  means  that  no  dissipative  effect  can  be 
expected  unless  the  jet  velocity,  ,  exceeds  the  free-stream 

velocity,  V  ,  by  some  incremental  value.  It  is  seen  that  if 

V_.  =  V  ,  the  expression  in  the  brackets  reduces  to  unity. 

Comparisons  of  the  theoretically-predicted  and  experimentally- 
measured  flow  rate  for  the  conditions  tested  in  Reference  4 
and  in  the  present  proqram  are  shown  in  Fiqure  28.  For  the 
reasons  discussed  above,  there  is  a  break  in  the  curve  where 
V .  =  V  . 

1 

The  break  in  the  curve  also  occurs  at  the  lower  mass  flows  for 
the  lower  free-stream  velocities, wherein  the  effect  of  mass 

injection  on  the  basis  of  the  difference,  V.  -  V  , occurs  at 

1 

lower  rates  of  mass  flow.  For  the  cases  in  which  the  velocity 
of  injection  was  near  sonic,  the  effect  of  mass  injection  occurs 
as  soon  as  m . 0  because  of  the  larqe  difference  in  V .  -  V  . 

In  Reference  4,  it  v/as  also  shown  that  the  variation  of  the 
circulation  strength  could  be  correlated  in  terms  of  the  thrust 
rather  than  the  mass  flow,  and  that  the  effects  of  mass  injec¬ 
tion  v/ere  most  pronounced  over  a  narrow  range  of  thrust.  The 
data  from  Reference  4  and  the  additional  data  that  were  obtained 
in  this  program  are  shown  in  Figure  29  with  the  correspond ing 
theoretical  variation  of  the  circulation  strength.  The  effi¬ 
ciency  of  maximizing  the  velocity  of  injection  is  also  evident 
in  these  data.  Because  of  the  wide  range  of  test  conditions 
for  which  the  experimental  data  correlates  well  with  the  pre¬ 
dicted  results,  it  is  felt  that  the  effects  of  vortex  dissi¬ 
pation  can  be  confidently  extended  to  larger  scales  for 
vortices  having  the  same  age.  Using  the  theoretical  expression 
presented  in  Equation  (18),  a  sonic  nozzle  havinn  =>  ^irmeter 
of  1.1  inches  would  dissipate  the  strength  of  a  vortex  having  an 
initial  value  of  400  ft^/sec  to  40%  of  its  strength  at  6.5 
chord  lengths.  The  thrust  developed  by  this  nozzle  is  approxi¬ 
mately  20  lb /which  is  the  same  as  the  value  determined  from 
extrapolating  the  experimental  data.  On  the  basis  of  the 
qualitative  evaluation  made  in  this  proqram  with  tuft  grids 
regarding  the  continuing  dissipation  of  injected  vortices  with 
increasing  downstream  position,  and  on  the  basis  of  the  quanti¬ 
tative  measurements  of  injected  vortices  by  NASA/Ames,  it  could 
be  expected  that  an  injected  vortex  that  is  trailed  off  a 
helicopter  blade  would  also  continue  to  dissipate  with  time. 
Because  of  the  difficulty  in  obtaining  quantitative  measurements 
at  positions  farther  downstream  in  the  wake  in  this  program, 
it  is  difficult  to  predict  the  variation  in  strength  of  an 
injected  vortex  with  increasing  time.  The  minimal  benefits 
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that  could  be  expected,  however,  on  the  basis  of  the  dissipative 
effect  shown  at  6.5  chord  lengths,  are  sufficiently  encouraging 
to  warrant  serious  consideration  of  the  technique  for  adapta¬ 
tion  to  flight  hardware. 

The  application  of  vortex  injection  has  been  discussed  most 
frequently  v/ith  regard  to  two-bladed  rotor  systems  because  of 
the  inherent  higher  blade  loadings  associated  with  these  rotor 
systems,  which  have,  in  part,  helped  to  exaggerate  the 
effects  of  blade-vortex  interactions.  For  this  rotor  system, 
the  effects  of  mass  injection  can  be  implemented  with  some  con¬ 
fidence  of  success,  because  the  most  troublesome  blade-vortex 
interactions  that  occur  for  the  system  are  those  in  which  a 
blade  intersects  its  own  vortex  at  the  time  that  the  age  of  the 
trailed  vortex  is  approximately  1-1/2  revolutions.  At  a  rota¬ 
tional  speed  of  f:  =  324  rpm,  blade-vortex  interaction  would 
occur  approximately  0.28  second  following  the  time  that  the 
vortex  was  trailed  off  the  blade.  In  the  wind  tunnel  measure¬ 
ments,  the  vortex,  say, for  V  =  230  fps,  a  =  13. 5°, was  reduced 

to  less  than  one-half  of  its  uninjected  strength  in  approxi¬ 
mately  0.05  second.  Allowing  for  wake  contraction  and  advance 
ratio,  a  time  interval  of  approximately  0.15  second  would  still 
be  available  before  blade-vortex  interaction  would  occur.  It 
is  expected  that  this  time  increment  would  be  sufficient  to 
reduce  the  injected  vortex  strength  and  thus  minimize  the 
effects  of  the  interactions. 


23 


V.  CONCLUSIONS 


The  research  conducted  under  this  contract  has  shown  that  mass 
injection  holds  viable  promise  for  the  rapid  dissipation  of  a 
trailed  tip  vortex.  It  has  also  shown  that  a  vortex  can  be 
diffused  by  suitable  variation  in  the  tip  geometry  of  a  lifting 
surface . 

The  following  specific  conclusions  were  made  on  the  basis  of 
the  results  of  this  research  program. 

Quantitative  measurements  demonstrated  that: 

1.  A  two-stage  nozzle  is  slightly  more  effective  in 
dissipating  a  tip  vortex  at  low  mass  flows  than  a 
single-stage  nozzle  of  comparable  area, but  it  effects 
vortex  spreading  at  a  much  lower  mass-flow  rate  than 
the  single-stage  nozzle  and  thus  is  not  a  satisfactory 
system. 

2.  In  terms  of  thrust,  the  most  efficient  method  to 
dissipate  a  vortex  by  mass  injection  is  by  maximizing 
the  velocity  of  injection. 

3.  At  a  position  6.5  chord  lengths  downstream  of  the 
model,  the  modified  circulation  strength  of  the 
injected  vortex  when  plotted  versus  thrust  reaches 
a  minimum  value.  Little  additional  dissipative 
effect  is  obtained  for  thrust  rates  above  this  value. 

4.  The  maximum  degree  of  vortex  dissipation  is  achieved 
for  mass-flow  or  thrust  rates  that  do  not  effect 
vortex  spreading. 

5.  On  the  basis  of  the  data  obtained  at  a  distance  of 
6.5  chord  lengths  downstream  of  the  model,  the 
optimum  dissipative  thrust  is  approximately  0.05  lb/unit 
of  original  circulation  strength  for  all  the  configura¬ 
tions  that  were  tested. 

6.  The  performance  characteristics  of  the  blade  sections 
tested  are  unaffected  by  the  injection  process. 

7.  Higher  peak  lift-to-drag  ratios  and  higher  lift-curve 
slopes  are  achieved  by  a  model  having  an  Ogee-tip 
geometry  than  a  model  having  standard  blade  tips. 


8.  Beyond  the  peak  lift-to-drag  ratios,  the  L/D  of  a 
model  having  Ogee  blade  tips  drops  more  sharply 
with  increasing  angle  of  attack  than  the  standard 
blade  tip. 

9.  On  the  basis  of  experimental  data  and  theory,  the 
requirements  of  the  vortex  injection  system  to 
dissipate  a  concentrated  vortex  scale  linearly  with 
the  initial  circulation  strength  of  the  vortex. 

Qualitative  observations  demonstrated  that: 

1.  The  swirl  motions  of  the  vortex  as  visualized  by  a 
tuft-grid  pattern  are  reduced  with  increasing  down¬ 
stream  distance  for  a  mass-injected  vortex. 

2.  Neither  the  mass-injected  vortex  nor  one  diffused 
by  the  Ogee  tip  reforms  at  least  for  a  downstream 
distance  equivalent  to  20  chord  lengths  of  the 
model . 

3.  Based  on  helium-bubble  flow  visualization  studies, 
the  flow  patterns  across  the  lifting  surfaces  are 
basically  the  same  whether  or  not  the  tip  vortices 
are  injected. 
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VI . 


RECOMMENDATIONS 


On  the  basis  of  the  results  of  this  research  program,  it  is 
recommended  that: 

1.  Theoretical  analyses  of  the  benefits  of  mass  injection 
and  the  Ogee-tip  configurations  be  conducted  in  reqard 
to  the  chanqes  in  dynamic  loads,  acoustic  signatures, 
and  performance  characteristics  for  various  flight 
conditions  of  various  helicopter  rotor  configurations, 
particularly  for  those  in  which  blade-vortex  proximity 
or  interaction  is  encountered. 

2.  The  effects  of  high  subsonic  and  transonic  tip  speeds 
on  the  effectiveness  of  the  ma^s- in j ec t. ion  technique 
be  investigated. 

3.  The  effects  of  the  "effective"  sweep  angle  which  a 
rotor  blade  experiences  as  it  traverses  the  azimuth 
in  forward  flight  on  the  effectiveness  of  the  mass- 
injection  technique  be  investigated. 

4.  The  effects  of  mass  injection  on  the  dynamic,  acoustic, 
and  performance  characteristics  of  full-scale  rotor 
blades  be  investigated  under  controlled  conditions  for 
fliqht  conditions  that  can  be  simulated  in  a  wind 
tunnel . 

5.  The  effects  of  the  "effective"  sweep  angle  which  a 
rotor  blade  experiences  as  it  traverses  the  azimuth 
in  forward  flight  on  the  Oqee  configuration  be 
investigated . 

6.  A  theoretical  analysis  of  the  stability  and  dissipative 
characteristics  of  noninjected  and  injected  vortices 

be  developed  so  that  applications  to  flight  systems 
can  be  enhanced  and  expedited  wi thout  resortinq  to 
detailed  testing. 
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Figure  3.  Schematic  Diagram  of  the  High-Velocity  Nozzle 
Section . 
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Figure  4 


Schematic  Diaqram  of  the  Model 
Installations  in  the  Wind  Tunnel, 
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Fiqure  7.  Circulation  Vs.  Mass  Flow  Rate  at 
High-Velocity  Injection. 
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Figure  8.  Comparison  of  Vorticity  Distributions; 
V  =  150  ft/sec  and  aT  =  9.5°. 
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Figure  9. 


Comparison  of  Vorticity  Distributions 
V  =  150  ft/sec  and  a  =  9.5° 
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Comparison  of  Lift  and  Drag  Vs.  Angle  of  Attack  for  the 
Standard-Tip  and  Ogee— Tip  Conf iqurations . 
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APPENDIX  II 
VORTICITY  SURVEYS 


Spanwise  Distance  From  Model  Tip , 
Positive  Outboard ,  inches 


Distance  From  Tunnel  Centerline  ,  Positive  Toward 
Suction  Side ,  inches 
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Vorticity  Meter  Reading ,  ppm 


Spanwise  Distance  From  Mode!  Tip  > 
Positive  Outboard ,  inches 


Distance  From  Tunnel  Centerline ,  Positive  Toward 
Suction  Side  ,  inches 
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Spanwise  Distance  From  Model  Tip , 
Positive  Outboard ,  inches 


Distance  From  Tunnel  Centerline  ,  Positive  Toward 
Suction  Side ,  inches 
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Vorticity  Meter  Reading,  ppm 


Spanwise  Distance  From  Model  Tip  , 
Positive  Outboard ,  inches 


Distance  From  Tunnel  Centerline,  Positive  Toward 
Suction  Side ,  inches 
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Vorticity  Meter  Reading  ,  ppm 
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vorticity  Meter  Reading ,  ppm 


5/8-inch  high-velocity  nozzle 
V  =  225  fps 
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Vorticity  Meter  Reading  ,  y 
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Vorticity  Meter  Reading,  ppm 


Vorticity  Meter  Reading ,  ppm 


Vorticity  Meter  Reading ; 
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TABLE 


PERFORMANCE  PARAMETERS  FOR  MODIFIED  OGEE  TIP  #1 


V 

( ft/sec) 


T 

(deg) 


Li  ft 
(lb) 


Roll 
Moment* 
(ft- lb) 


107.4 

112.2 


38.6 

-48.  1 

72.0 

-95  .  1 

104.8 

-140.8 

137.5 

-180.8 

163.8 

-214  .  8 

187.4 

-245  .3 

201.  5 

-268.5 

216.6 

-302.6 

163.1 

-195.8 

-51.4 

7.0 

78.5 

1  -1.9 

70.2 

-94.4 

130.6 

-174 . 7 

188.3 

-251.6 

247.2 

!  -325.7 

299.1 

-392.3 

336 . 5 

-447.5 

364 . 2 

-490.9 

388.7 

-535.  1 

ABLE  II 


Continued 


V 

(  f  t/sec) 

‘T 

(deg) 

Lift 

(lb) 

Roll 

Moment* 

(ft-lb) 

Drag 
( lb  j 

Drag 

Moment* 

( ft-lb) 

Pitch 

Moment* 

(ft-lb) 

225 

-2.0 

-65.4 

101.  3 

5.74 

-11.4 

1.9 

225 

0.0 

7.8 

-6.2 

4.78 

-1.6 

-9.4 

225 

2.0 

89.0 

-121.8 

6.02 

-9.7 

-13.5 

225 

4.0 

164.1 

-223.8 

8.19 

-  1 2  .  4 

-20.2 

225 

6.0 

240.8 

-322.5 

12.10 

-15.  8 

-26.7 

225 

0. 0 

314.4 

-418.6 

17.97 

-24.5 

-34.6 

225 

10.0 

382.5 

-499.7 

26.01 

-34 . 6 

-42.6 

j  225 

12.0 

442.  3 

-587.  7 

37.47 

-45.6 

-49.5 

225 

14.0 

495 . 0 

-662.3 

:  57.17 

-54  .  2 

-6  3.0 

225 

16.0 

_ 

540.7 

-729.0 

j  71.64 

-70.5 

-70.9 

|  *Roll  and  Drag  Moments  are  about  the  tunnel  centerline; 
|  Pitch  Moment  is  about  the  model  15.5%  chord. 
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TABLE  III.  -  Continued 


r  ~  ~ 

Drag 

Pitch 

Moment  * 

Moment* 

(ft-lb) 

(ft-lb) 

20.4 

27.3 
35.1 

43.3 
51. 
60. 
70. 


*  Roll  and  Drag  Moments  are  about  the  tunnel  centerline; 
Pitch  Moment  is  about  the  model  15.5%  chord 
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TABLE  IV.  PERFORMANCE  PARAMETERS  FOR  MODEL  #1 


V 

(ft/sec) 


rp  * **  * 

(deg) 


Lift 

(lb) 


Moment* 

(ft-lb) 


Draa 

Drag 

Moment* 

(lb) 

(ft-lb) 

Pitch 

Moment* 

(ft-lb) 


2.2 

-0 

15.3 

-24 

29.1 

-44 

41.4 

-63 

55.4 

-80 

79.4 

-112.5 

7.61 

91.4 

-126.2 

9.93 

101.0 

-141.6 

12.38 

65.6 

97.2 

124.3 

153.9 

184.3 

209.9 
234.6 


-3.8 

-51.4 

-96.3 

-145.9 

-182.9 

-225.7 

-266.4 

-300.5 

-329.7 


j  2.24 
J  3.63 
1  4.80 

6.38 
9.66 
| 12. 76 
17.51 
!  22.71 
!  27. 86 


9.4  | 

62.5  j 

122.5  i 

174.1  1 
225.3  ! 

272.2 

328.1 

373.9 

425.2  I 


-9.5 

-88.6 

-187.9 

-268.5 

-336.7 

-408.2 

-461.5 

-538.4 

-582.9 


!  4.07 
5.69 
!  8.17 

| 12.00 
1 17. 03 
! 23. 31 
j  31.53 
40.40 
i 50.05 


12.0 
7  8.0; 
149. 4 

219.2 

282.3 

349.6  ; 

411.6 

472.9 

534.9 


-17.7 
-131.5 
-236.1 
-337.4 
-427.8 
-516.9 
-611.0 
-681. 1 
-733.5 


1  5.28 
i  7.14 

j  10.12 

114.62 
21.60 
29.59 
39.76 
50.35 
64.0  8 


*Roll  and  Drag  Moments  are  about  the  tunnel  centerline; 
Pitch  Moment  is  about  the  model  15.5%  chord. 

**Angle  of  Attack  includes  a  -1.5°  shift  to  account  for  wind 
tunnel  installation  and  model  twist  relative  to  Ogee  Model 


TABLE  V  .  PERFORMANCE  PARAMETERS  FOR  DETAILED  SURVEYS 


V 

(ft/sec) 

m  . 

1 

( lb/sec ) 

Lift 

(lb) 

Roll 

Moment* 

(ft-lb) 

Drag 

(lb) 

Drag 

Moment* 

(ft-lb) 

— 

Pitch 

Moment* 

(ft-lb) 

100 

13.5 

0 

82.7 

-120.6 

8.38 

-12.2 

-11.1 

100 

13.5 

0.13 

85.  ] 

-122.8 

8.09 

-12.0 

-12.4 

150 

9.5 

0 

131.8 

-199.6 

10.93 

-23.4 

-13.3 

150 

9.5 

0.06 

135.9 

-200.7 

11.52 

-25.9 

-14.3 

150 

9.5 

0. 10 

131.9 

-196.7 

9.77 

-13.3 

-18.1 

150 

9.5 

0.12 

131.8 

-194.3 

9.56 

-]  .  6 

-23.9 

150 

9.5 

0.17 

132.4 

-194.7 

9.96 

-15.3 

-17.0 

150 

9.5 

0.18 

132.8 

-192.4 

10.07 

-20.0 

150 

9.5 

0.20 

131.5 

-194.8 

9.72 

-17.5 

150 

9.5 

0.25 

131.9 

-198.0 

10.66 

-17.6 

150 

9.5 

0.30 

133.2 

-196.6 

8.74 

1.0 

-25.9 

150 

13.5 

0 

194.8 

-283.5 

18.93 

-26 . 3 

-28.6 

150 

13.5 

0.21 

193.5 

-281.5 

18.94 

-30.3 

-26.7 

225 

9.5 

0 

305.4 

-469.3 

24.03 

-32.8 

-43.7 

225 

9.5 

0.12 

295.1 

-445.4 

23.52 

-43.3 

-34.6 

225 

9.5 

0.18 

301.  0 

-449.3 

23.23 

-34 . 2 

-42.6 

225 

9.5 

0. 23 

303.5 

-459.1 

23.89 

-33.6 

-41.8 

230 

13.5 

0 

4  54.0 

-661.3 

-65.5 

-62.9 

230 

I3. 5 

0.18 

454.0 

-664.7 

-59.6 

-68.4 

230 

13.5 

0.31 

4  56.0 

-667.9 

44.09 

-64.8 

-66.4 

*  Roll  and  Drag  Moments  are  about  the  tunnel  centerline; 
Pitch  Moment  is  about  the  model  15.5%  chord 


